The S. cerevisiae ribosomal protein L30e is an autoregulatory protein that binds to its own pre-mRNA and mature mRNA to inhibit splicing and translation, respectively. The L30e RNA-binding element is a stemasymmetric loop-stem that forms a kink-turn. A bacterial genetic system was designed to test the ability of protein variants to repress the expression of reporter mRNAs containing the L30e RNA-binding element. Initial screens revealed that changes in several RNA nucleotides had a measurable effect on repression of the reporter by the wild type protein. RNA mutants that reduce repression were screened against libraries of randomly mutagenized L30e proteins. These screens identified a glycine to serine mutation of L30e, which specifically restores activity to an RNA variant containing a U that replaces a helix-capping G. Similarly, an asparagine to alanine mutation was found to suppress a substitution at a position where the L30e RNA nucleotide extends out into the protein pocket. In addition, a compensatory RNA mutation within a defective RNA variant was found. The identification of these suppressors provides new insights into the architecture of a functional binding element and its recognition by an important RNA-binding protein.
Introduction
The yeast (Saccharomyces cerevisiae) ribosomal protein L30e is an autoregulatory protein that binds to its spliced or unspliced transcript to inhibit translation or splicing, respectively [1] [2] [3] [4] [5] [6] [7] [8] . L30e is an essential protein thought to reside at the ribosomal subunit interface, and autoregulation confers a survival advantage in yeast [9, 10] . Biochemical and structural work have shown that the RNAbinding site is comprised of two helical stems separated by a threenucleotide bulge that enables the stems to come together at an acute angle [11] [12] [13] . Related motifs found in bacterial and archaeal ribosome structures revealed similar tight superimposable RNA bends and notable sequence similarities [14] . This bent RNA with its characteristic sequence was termed the kink-turn, or the K-turn motif, and has also been found in archaeal RNAs that guide the covalent modification of ribosomal RNAs [15] .
The hallmark features of K-turn RNAs are a canonical stem, three unpaired nucleotides, and a non-canonical stem having two G:A pairs adjacent to the bulged nucleotides (Fig. 1A) [14] . The importance of the G:A pairs in the L30e complex was underscored by an in vitro selection experiment in which the four purines were found to be nearly invariant (Fig. 1B) [16] . In the L30e RNA-protein complex, this structure is further stabilized by purines that stack atop the two stems and an A-minor hydrogen bonding interaction between the two stems. RNA K-turns are most often complexed with proteins, and several of these proteins are homologous to L30e and members of the L7Ae protein class [14, 17, 18] . These proteins contain alternating regions of alpha helices and beta strands that fold into a central, four-stranded beta sheet flanked by two perpendicular pairs of alpha helices. It is primarily the three protein regions between the secondary structure elements on one face of the protein that contact the RNA. The yeast L30e primary structure is shown in Fig. 1C , and the highly conserved RNA interface regions from a variety of organisms are shown in Fig. 1D [19] .
In order to characterize the interactions between the L30e RNA and protein, we developed a genetic screen to identify L30e protein suppressors that restore high affinity binding to mutant RNAs. Because of its autoregulatory nature, we feared overexpression of L30e would not be possible in yeast and opted instead to carry out the genetic screen in bacteria. Two plasmids, one bearing the gene for the yeast L30e protein and the other bearing the L30e K-turn sequence inserted just upstream of the lacZ reporter gene, were transformed into bacteria (Fig. 2) [20] [21] [22] [23] [24] [25] [26] . The L30e protein is expressed from the repressor plasmid and binds to its cognate RNA sequence in the reporter mRNA. In the in vivo screen, strong RNAprotein binding corresponds to greatly reduced expression of the reporter enzyme, β-galactosidase, and thus parallels one of the L30e autoregulatory activities in yeast.
Finding a protein mutation that compensates for an RNA mutation that weakens binding is an example of a gain-of-function mutation. An L30e protein variant bearing such a mutation would be termed a suppressor protein. The most straightforward explanation for such a compensatory change would be the existence of a direct contact between the mutated RNA nucleotide and the protein amino acid. Random and directed protein mutational strategies were employed to identify such L30e mutants. These screens resulted in the identification of two L30e suppressors, each containing a single amino acid substitution that could recognize specific RNA mutants. A second-site RNA suppressor that was able to correct the defective binding of a mutant RNA was also identified. These findings provide [14] . Boxed nucleotides form the G:A motif, and circled nucleotides participate in an A-minor interaction. (B) Secondary structure and structural schematic of the S. cerevisiae. L30e RNA transcript K-turn. Arrows indicate RNA substitutions that allowed protein binding in a SELEX experiment [16] . Closed and open circles represent canonical and non-canonical base pairing, and the star indicates the A-minor interaction [14] . (C) L30e protein primary structure. The helix and sheet secondary structure is indicated as well as three regions that interact with the RNA, R-I, R-II, and R-III. Key protein residues are numbered. (D) Eukaryotic L30e protein phylogenies of selected regions aligned using BLAST [19] . new insights into the interaction between L30e and its RNArecognition element. Throughout this work, protein residues will be referred to by their three letter abbreviations to distinguish them from RNA variants.
Materials and methods

Bacterial strains and plasmids
All experiments were carried out in E. coli strains WM1 and WM1/ F' that were made competent by the CCMB method [21, 23, 26] . The WM1/F' strain was used so that toxic L30e expression could be induced by addition of IPTG. Bacterial strains and parent plasmids for cloning, pACYC184, pREV1 and pLacZ-rep, were described by Jain and Belasco [21] . The DNA sequence encoding yeast L30e was amplified by PCR from pMalc-L32 provided by Dr. J. Warner [5] . The amplified fragment bearing NdeI and SalI restriction sites on the ends was inserted into the similarly prepared pREV1 plasmid. This plasmid, named pRPL30, is a medium copy number plasmid that confers chloramphenicol resistance. pLacZ-LBE was created by inserting the L30e RNA-binding element (LBE) into pLacZ-rep using the unique HindIII and KpnI restriction sites immediately upstream of the ShineDalgarno (S/D) region of the IS10-LacZ fusion gene. This reporter plasmid is a high copy number plasmid and confers resistance to ampicillin (Fig. 2 ).
Site-directed mutations in reporter plasmid
Nucleotides in the NC-stem and the unpaired loop nucleotides were systematically mutated to find point mutations that moderately reduced repression. All mutations to the L30e RNA-recognition sequence in the reporter plasmid were generated using Stratagene's Quik Change kit using DNA oligomers synthesized by Invitrogen. All plasmids were sequenced at the University of Pennsylvania DNA Sequencing Facility.
Random and targeted mutations in repressor plasmid
Error prone PCR was used to produce a library of random pRPL30 mutants [27, 28] . In brief, the 315 base pair RPL30 gene was amplified using 50 mM Tris HCl, pH 9.0, 50 mM NaCl, 7.5 mM MgCl 2 , 0.2 mg/mL BSA, 200 μM dGTP and dATP, 1 mM dCTP and dTTP, 0.5 U Taq polymerase, 0.33 μM sense and anti-sense primers, and 50 ng (20 fmol) pRPL30 with 0.5 mM MnCl 2 added last. Following 22 amplification cycles, the amplified product was ligated into the pREV1 vector as before. Based on the sequencing of about 60 transformants in XL-1 cells (Stratagene) and potential suppressors, an average error rate of 3% was estimated. Targeted mutagenesis, based on the structure of the L30e RNA-protein complex, was performed for Lys28, Asn47, Pro49, Arg52, Asn74, Phe85, and Gly88. In each case, the corresponding codons were randomized.
Screening and measurement of repression ratios
Bacteria containing a reporter plasmid and a mutagenized protein expression library were grown on LB agar plates containing ampicillin, chloramphenicol, IPTG, and X-gal. Expression of the repressor plasmid is regulated by an IPTG-dependent promoter, and the amount of IPTG was adjusted to allow maximal L30e protein expression without being toxic to the host bacteria. Based on the results obtained with similar systems, strong binding of the L30e protein to the reporter transcript would result in less β-galactosidase activity, visualized as white colonies, whereas weaker protein binding would result in more β-galactosidase production and blue colonies [21] [22] [23] . For each RNA mutant approximately 5000 potential suppressor colonies were visually screened.
For quantitative measurements, colonies displaying the phenotype suggestive of suppressor function were grown to saturation in duplicate and used to inoculate fresh cultures that were then grown to mid-log phase. The cultures were harvested, cooled on ice, and assayed for β-galactosidase activity, as described by Miller [29] . The repression ratio is the average β-galactosidase activity of the reporter in the absence of an RNA-binding protein divided by the β-galactosidase activity of the reporter in the presence of L30e or its variants. Mutant L30e proteins exhibiting an increase in repression ratio over wild type L30e protein suggested suppression of the loss-offunction RNA mutation. As potential suppressors were identified, plasmid DNA from the remaining bacterial cells was purified and sequenced.
In vitro synthesis of RNAs and proteins
Partially double stranded DNA templates were annealed and used as templates for in vitro RNA transcription using Ambion's MegaShortscript Kit. In vitro transcribed RNAs were purified by denaturing gel electrophoresis. RNAs were visualized by UV shadowing, extracted from the gel, and eluted by soaking the gel slice overnight in 0.5 M NaOAc and 1 mM EDTA. Following centrifugation, the supernatant containing the RNAs was decanted and then concentrated by ethanol precipitation. RNA pellets were washed with 70% ethanol and then resuspended in TE buffer (pH 8). RNA concentrations were measured spectroscopically, and 25 pmol was dephosphorylated with calf intestinal alkaline phosphatase (NEBiolabs) and end-labeled with γ-32 P ATP and T4 polynucleotide kinase. Radiolabeled RNAs were gel purified as described above except that transfer RNA was used as a carrier to aid ethanol precipitation and RNA bands were visualized by autoradiography.
L30e proteins were expressed from pMalc-L30e plasmids in JM109 E. coli strains as maltose-binding fusion proteins. Protein mutants were generated via site-directed mutagenesis of the pMalcL30e plasmid as previously described. Protein expression was induced using 100 μM IPTG for several hours at 37°C. Fusion proteins were purified from 250 mL cultures using 5 mL gravity flow amylose columns (NEBiolabs). Protein purity was estimated from Coomassie-stained SDS gels, and concentrations were measured using the Bradford assay with BSA as a protein concentration standard (BioRad).
In vitro measurement of binding affinities
Dissociation constants, K d , were determined using purified maltose-binding protein fusion proteins, MBP-L30e, in nitrocellulose filter-binding assays and qualitatively verified in electrophoretic mobility shift assays (EMSA). These assays were performed in the following solution conditions: 75 mM KCl, 30 mM Tris, pH 8, 2 mM MgCl 2 , 1 mM DTT, 500 ng/μL BSA, 40 ng/μL tRNA, 0.05 U/μL RNase inhibitor [5, 11] . RNAs were renatured in 350 mM KCl, 30 mM Tris (pH 8) and 10 mM DTT, by heating to 60°C and slowly cooling to room temperature. Fusion protein titration reactions were incubated at room temperature for 10-20 min and contained a constant, subnanomolar, amount of radiolabeled RNA. Filter-binding reactions were loaded onto nitrocellulose filters soaked in the binding buffer minus the RNA or protein components. Filters were rinsed with 100-200 μL cold binding buffer, and the retained radioactivity was counted in Ecolume (ICN) scintillation fluid. EMSA reactions were electrophoresed at 2-8°C on 10% (29:1 acrylamide: bisacrylamide) native gels in 0.5× TBE (50 mM Tris, 50 mM boric acid, 1 mM EDTA). 20 μL samples containing 10% glycerol and the reagents described above were run for 4-6 h at 100 V. Filterbinding data were plotted using Kaleidagraph (Synergy Software) and fit to a hyperbolic binding isotherm to determine the binding constant, K d .
Structure and graphics
The L30e RNA-protein complex was visualized using PyMol and the coordinate file 1T0K.pdb [13, 30] . In silico single residue mutations were made and energy minimized locally. The program ENTANGLE was used to aid in cataloguing interactions between the RNA and protein [31] .
Results
Preparation of the two-plasmid system
A bacterial two-plasmid system has been previously described for studying RNA-protein interactions [21] . In this system, a first plasmid contains a modified lacZ reporter gene with an RNA-binding element located close to the translation initiation region. A second plasmid expresses the RNA-binding protein that recognizes this RNA element. When the protein is bound to its cognate RNA located on the reporter mRNA, ribosomal assembly is obstructed, which results in the repression of reporter translation. One particularly valuable use of this system has been to identify protein variants that can bind to mutant RNA targets, hence providing detailed information about specific protein-RNA contacts [20, 21] .
This two-plasmid strategy was applied to the L30e protein and its target RNA. Although the initial two-plasmid constructs produced very low repression ratios, following optimization of the reporter construct and conditions for protein expression, a 450-fold repression of the reporter construct by L30e was achieved ( Fig. 2 and Table 1 ).
Previous work showed that RNA LBE point mutants could have repression ratios equal to one when paired with wild type L30e protein in the two-plasmid system [32] . Such mutants are expected to bind to the protein with extremely low affinity, if at all. Likewise, single amino acid changes are capable of drastically lowering the repression ratio. For example, binding assays indicate that the L30-Phe85Ala binds RNA very weakly and when tested in the twoplasmid system, this pair yields a repression ratio of 9.3 [33, 34] . Thus, L30e RNA and protein sequence variants that were known to have high or low binding affinities behaved as expected in the twoplasmid assay.
Identification of candidate RNAs for suppression
In order to identify protein mutants that suppress deleterious RNA mutations, we first needed to identify L30e RNA mutations that decrease the wild type protein repression ratio. The goal was to disrupt individual RNA-protein contacts and not the RNA's ability to fold into a kink-turn. We thus decided that the ideal RNA mutation would be one that disrupted protein binding to a moderate, but not a catastrophic, extent. Systematic RNA mutations of the L30e RNAbinding site, LBE, were made, which complemented RNAs studied in earlier SELEX experiments or in vitro binding experiments [16, 32] . Of the four nucleotides that comprise the two G:A pairs of the noncanonical stem, only one, G11, may be changed without producing a repression ratio of one, which reflects a total loss of protein binding (Table 1 ). In addition, changing the polarity of A:G and G:A pairs, singly or in tandem, disrupted repression completely. Consistent with SELEX results, mutations in A12, G58, and A59 are not tolerated and have repression ratios equal to one, whereas G11A and G11U RNA mutants have repression ratios of 89 and 16, respectively. Since these repression ratios are between 1 and 450, these RNAs presumably have a moderate affinity for wild type L30e protein and were considered as candidates for a protein suppressor screen.
Mutations of the unpaired nucleotides of the kink-turn RNA produced more varied results in screening against wild type L30e protein (Table 1) . Adenosine 55, the most variable position in the SELEX experiment, retained strong repression when mutated to U or C, but the A55G variant had a repression ratio of 59, indicative of moderate repression. Likewise, the G56U mutant, has a moderate repression ratio of 10, but G56A and G56C show very high and low repression ratios, respectively. Finally, A57U and A57C retain near wild type repression ratios, whereas A57G has a moderate repression ratio of 36. In the two groups of stem or loop RNA mutations studied, there are several with intermediate repression ratios, and thus these RNAs are presumed to be capable of forming a kink-turn that has compromised binding to wild type protein. These candidate RNAs that retain moderate repression ratios are G11A, G11U, A55G, G56U, and A57G and are written in bold in Table 1 . Interestingly, the mutation of G56 to adenine negates the A55G mutation and restores the repression ratio binding to its wild type level. Thus, this is an RNA suppressor.
We were also interested in determining how well the repression ratios correlate with the binding of L30e to the mutant RNAs. For this purpose, several mutant RNAs were transcribed and their affinity for purified L30e was determined (Materials and methods). Examination of Table 1 shows that there are exceptions to the expected inverse relationship between repression ratios and binding affinities. While it is true that all RNAs having a repression ratio of one have weak binding affinities of at least 500 nM, the converse is not true. In most cases, higher repression ratios did indeed correspond to stronger binding affinities with two exceptions. A55G RNA has near wild type affinity for the L30e protein but a low repression ratio. Although, based on its low repression ratio, this RNA was selected as a candidate for suppressor screening, perhaps it is not surprising that no suppressor was found since filter-binding indicated strong protein binding. The G56A RNA had a large repression ratio, but relatively weak protein binding. Thus, the repression ratio depends not only on RNAs bearing multiple mutations G11A + A59G 1.3 ± 0.3 A12G + G58A
1.0 ± 0.2 G11A + A12G + G58A + A59G 0.9 ± 0.2 A55G + G56A 490 ± 40
The repression ratios (RR) represent averages of several assays. All of the mutant RNA reporters were tested with the wild type pRPL30, as previously described. Dissociation constants (K d ) were reported in [31] or in [32] as indicated by ⁎. Uncertainties are based on the standard deviations of at least three assays. Mutant RNAs that retain moderate protein affinities are in bold and were selected for screening with mutant proteins.
the L30e protein's affinity for the RNA leader sequence, but also on structural and geometric factors that allow the bound protein to interfere differently with reporter mRNA translation.
Screening protein mutants against candidate RNAs
The L30e protein coding region was amplified by error-prone PCR and cloned into the pREV1 vector. The candidate RNAs containing the moderately defective mutants, G11A, G11U, A55G, G56U, or A57G, were then screened against the random library of L30e protein mutations. To test the efficacy of the screening procedure, preliminary studies using a wild type reporter and a defective protein library spiked with a small proportion of wild type L30e cloned indicated that such clones could indeed be recovered. Transformation conditions were optimized so that each candidate RNA in the two-plasmid screen produced 200-300 colonies per LB plate and generally more than 5000 colonies were examined for each two-plasmid screen. We expect that number of colonies screened would have included most of the amino acid changes that are possible through single base pair mutation at any codon position. Several transformant colonies that were lighter blue than control transformants expressing wild type L30e were picked and subjected to duplicate Miller Assays. Such colonies may be expected to harbor L30e mutants that can bind to the RNA variants better than wild type L30e.
Screening against G11A, G11U, A55G or the A57G RNAs failed to identify a randomly mutated protein suppressor that reproducibly increased the repression ratio. However, using the G56U variant, a Gly88Ser candidate suppressor was identified. In Miller Assays the Gly88Ser mutation increased the repression ratio to the G56U RNA mutant by a factor of over four from 12.6 to 53 (Table 2 ). This mutant is specific for the G56U RNA mutation because enhanced binding was not observed when Gly88Ser was tested with wild type RNA. In additional controls, repressor plasmids bearing either the wild type or the Gly88Ser sequence were unable to repress reporter plasmids containing no LBE, or LBE with deletions of G56 or A57 (data not shown). Thus, the G56U mutation is suppressed specifically by the Gly88Ser mutation. Furthermore, replacing the serine with alanine, which removes serine's hydroxyl group, largely removes this suppression, though the Gly88Ala mutation was still slightly better than wild type L30e at repression of wild type and G56U LBE RNAs. In order to find additional suppressors at position 88, the three nucleotides of this codon were completely randomized and this library was re-screened against the G56U reporter. Confirming the original findings, several isolates of Gly88Ser were found, along with an additional suppressor, Gly88Cys. In summary, replacement of the glycine at position 88 with a serine, alanine, or cysteine increases the ability of the L30e protein variant to repress expression β-galactosidase when the G56U mutation is present in the transcript leader sequence (Fig. 2) .
Targeted protein mutants against candidate RNAs
Although the screening using a PCR mutagenized library did not yield suppressors to the G11A, G11U, A55G or the A57G RNAs, in order to not overlook potential suppressors, libraries of targeted protein mutations were constructed and screened against the appropriate RNA mutants. This can be important because PCR mutagenized libraries may not contain critical amino acid changes that require two or three positions of a codon to be altered. The L30e-LBE cocrystal shows an interaction between the RNA position G11 and the protein residue lysine 28. Therefore, three-nucleotide codon that corresponds to lysine 28 was completely randomized [13] . The targeted library was screened against G11A and G11U RNAs, but no suppressors were found. G56U RNA was also screened against all possible substitutions at Phe85, a residue that it interacts with the crystal structure, and again no suppressors were identified.
Finally, specific L30e amino acids that interact with Adenosine 57 were randomized. A57 is the only unstacked nucleotide, and it extends away from the RNA into a protein pocket (Fig. 1B) . Earlier structural and biochemical work showed important Asn47 and Asn74 contacts to A57 [35] . Accordingly, these residues and others within the protein pocket were targeted for random mutagenesis. Separate randomized codon libraries for Asn47, Pro49, Arg52, and Asn74 were screened against wild type and A57 mutant RNAs. This led to the identification of Asn74Ala as a specific suppressor. The A57G RNA mutation decreases the RR for wild type protein from 500 to 36, but the Asn74Ala protein increased the RR for this RNA to 75, suggesting a and were calculated using Kaleidagraph (Synergy Software). suppressor effect (Table 3 ). The Asn74Ala mutant yielded near wild type repression ratios with the wild type LBE plasmid, indicating a specific effect on the mutant RNA. This result may be interpreted to suggest that Asn74 makes a specific RNA contact.
In vitro binding assays of candidate protein suppressors
In principle, the suppression of β-galactosidase expression should approximately parallel the binding affinity for the suppressor protein and RNA mutant. The G56U and A57G RNA variants were produced as 36-nt RNA transcripts, and the protein mutants were produced and purified as MBP-L30e fusion proteins. Radiolabeled RNA was subjected to qualitative electrophoretic mobility shift assays and quantitative nitrocellulose filter-binding assays to measure in vitro RNA-protein binding affinities. A typical binding isotherm is shown in Fig. 3 . As suggested, based on the repression ratios, Asn74Ala binds more strongly to A57G RNA than does the wild type protein (Table 4) . Furthermore, Gly88Ser and Gly88Ala bind more strongly to the G56U RNA. Both of these suppressors showed clear bandshifted complexes in EMSA experiments (data not shown). For reasons that are unclear, Gly88Cys does not suppress the G56U RNA mutation in vitro. Overall, the experiments confirm that the Gly88Ser and Asn74Ala proteins are specific suppressors both in vivo and in vitro.
Discussion
A bacterial two-plasmid screen was used to explore the interaction between the L30e protein and its RNA-binding site. The nucleotides and amino acids located at the binding interface were systematically varied 1) in order to find RNAs that retain moderate protein binding ability and 2) to screen for protein mutants whose binding to variant RNAs is strengthened by the RNA and protein co-variations.
K-turn RNA sequence variations
In previous work, it was shown that of the seven nucleotides of the internal loop of the L30e binding site, G11, A12, G58, and A59 tolerated little change whereas A55, G56, and A57 could be changed without dramatically sacrificing protein binding affinity [16, 32] . Fig. 4A shows the L30e interaction near the internal loop nucleotides. In the first screen using the two-plasmid system, G11A, G11U, A55G, G56U and A57G were found to have intermediate repression ratios when screened against wild type L30e protein. This is consistent with structural work that demonstrated that G11 takes part in a G:A pair that defines the NC-stem while A55, G56, and A57 remain unpaired (Fig. 1A and B) . That G11A and G11U RNAs retain moderate protein binding based on their intermediate repression ratios without forming the G:A pairs found in the consensus K-turn is somewhat surprising. However, both variants have been found in Kt-11 and Kt-23 in the ribosome [14, 36] . Accordingly, either an A or a U may be modeled to replace G11 in the L30e RNA K-turn [34] . The identities of the three unpaired nucleotides are less essential for K-turn formation. Adenosine 55 and G56 stack on the canonical and non-canonical stems respectively and may be replaced, while A57 protrudes into the protein. Nucleotides essential for the architecture of the RNA kinkturn, the G58:A12 pair and the A59 that participates in the A-minor interaction, were not part of the screen because substitution by other nucleotides led to very low repression ratios indicative of very weak RNA-protein binding. If protein binding requires the formation of a K-turn, then mutations that greatly destabilize the K-turn would be expected to bind protein weakly, and a single amino acid change would be unlikely to restore binding.
Structural context of suppressors
Screens against G11A, G11U, and A55G failed to find a protein suppressor of weakened RNA-binding. Examination of the RNAprotein complex suggests that these residues make important RNA-RNA contacts. For example, the ribose of A55 interacts with the A12-N1 and, as discussed above, G11 forms a sheared pair with A59. Experimental work on a model kink-turn suggests that the 2′ OH of the nucleotide equivalent to A55 forms an essential hydrogen bond [37] . For nucleotide substitutions G11A, G11U, and A55G, substitutions may weaken binding by altering RNA-RNA contacts. Presumably, protein binding is weakened by altering the RNA structure, and single amino acid changes are incapable of restoring the interactions required for optimal protein binding.
The logical place to look for an amino acid suppressor is the one nucleotide with multiple protein contacts and no interactions with RNA. Adenosine 57 in the L30e RNA is such a nucleotide as it extends into a loose protein pocket, and its base makes no RNA contacts (Fig. 4B) . However, only one substitution at this position, a guanosine, reduces the repression ratio, whereas other nucleotides at position 57 yield wild type or higher repression ratios (Table 3) . Thus, contrary to homologous K-turn RNA-protein systems, sequence requirements at this position are not strict [38] . Screening of the randomized library of L30e proteins failed to identify a suppressor, so targeted mutations were individually introduced at amino acid positions 47, 49, 52, and 74. Out of this screen, only Asn74Ala was identified as a partial but specific suppressor of the A57G L30e RNA. This nucleotide is situated in a loose pocket composed of Asn74, which forms a hydrogen bond with the adenine N6, Pro49 that makes a hydrophobic interaction with the central portion of the purine, and Arg52, which makes contacts with the ribophosphate. The exocyclic amino group of G may clash with the Asn74 amide group and replacement by the smaller alanine avoids this potential steric or electronic overlap. On the other hand, according to the crystal structure of the unbound L30e protein, there are two possible structures for the amino acid residues 74-81, and the temperature factors for asparagine 74 and its immediate neighbors are quite high [39] . Thus, this is a region of protein flexibility, and several individual amino acid or nucleotide substitutions may be accommodated within this flexible pocket. Although Asn47, Pro49, Arg52, and Asn74 are universally conserved in eukaryotes (Fig. 1D) , position 74 is generally a serine or threonine in archaea, but Sulfulobus tokodaii has an alanine substitution.
Another mutation, Gly88Ser specifically suppresses the RNA G56U mutation. This suppressor was found by screening an L30e protein library containing randomly introduced mutations over its entire length. A subsequent round of codon randomization at position 88 identified both serine and cysteine as suppressors, but only serine 88 suppresses the G56U mutation both in vivo and in vitro. However, the crystal structure shows little contact between Gly88 and the RNA and no specific contact with G56 (Fig. 4C) . Analysis of the structure of the complex shows that Gly88 makes contacts with the RNA's A57 phosphate that is adjacent to the uracil substitution. Thus, it is plausible that stacking is reduced between U56, the protein residue Phe85, and the A12-G58 pair atop the NCstem, but that the amino acid mutations allow compensatory stabilizing contacts to be made. Therefore, we can speculate that the uracil substitution stacks less efficiently with Phe85, but local adjustments allow Ser88 to make favorable hydroxyl contacts. Modeling based on the L30e RNA-protein complex shows that minor, local structural rearrangements can improve the U56-Phe85 stacking interaction and remove the steric clash between Ser88 and Asn74 [34] . In several other K-turn RNA-protein crystals examined, the amino acid residues that interact with those equivalent to G56 and A57 form part of an extended loop between an α-helix and the fourth β-sheet strand [38] . In this short stretch, the RNA and protein backbones are roughly parallel and make several contacts (Fig. 4C) . A BLAST alignment of diverse L30e proteins shows that close relatives of S. cerevisiae have a glycine at position 88. However, the S. pombe L30e protein has a serine, and many higher organisms, including insect, animals, and plants, and have a cysteine at the equivalent position (Fig. 1D) [19] . Interestingly, both the screening for compensatory mutations and the phylogenetic comparisons suggest that only glycine, serine, and cysteine are permissible. In fact, in the L7Ae bound to a K-turn based on the box H/ACA sRNA, a uridine is extruded, and its phosphate contacts L7Ae-Ser92, the equivalent of L30e-Gly88 [15] .
Finally, an RNA compensatory mutation, G56A, was found to suppress the defect of A55G, suggests that A55G is allowable only with G56A. Examination of the sequences of L30e RNA along with other K-turns confirms that no K-turn RNA has guanosines at the helixcapping positions 55 and 56, simultaneously, as would result from the A55G mutation. Fig. 4D shows these two purines, and modeling demonstrates that if both are guanines their amino groups may clash [34] . By changing G56 to A56, such a clash can be avoided. Moreover, when nucleotides 55 and 56 are both adenosines, the repression ratio increases two-fold (Table 1) .
In summary, the bacterial two-plasmid screen has been shown to be useful in studying a yeast RNA-protein interaction. Specific suppressors of deleterious RNA mutations were of several types: an RNA suppressor that potentially removes a steric clash, an amino acid substitution that may allow local favorable interactions to occur, and the gain-of-function associated with a direct RNA-protein contact. At the outset, it was anticipated that suppressors would be indicative of a direct contact at the RNA-protein interface, but the screen was able to identify less direct contacts as well.
